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Abstract:
In this paper a series of Mg(II), Li(I) and Zn(II) complexes based on two families of amine bis(phenolate)s have been prepared and structurally characterised. In the solid-state the Li(I) complexes form common Li4O4 cubes and there are subtle differences in coordination mode between the two salan ligands employed. We also have prepared a Li3Mg1O4 cube structure, by the reaction of 1 eq. of ligand 2H2, with 1 eq. of both nBuLi and MgnBu2. Upon addition of the ligands with Zn(II) either a trimetallic or tetrametallic structure was isolated. With 2H2 a complex with an –OMe was observed, this arises from the insertion of oxygen into the Zn-Me bond. Upon reaction with MgnBu2 dimeric complexes were isolated. All complexes were tested for the ROP of rac-lactide in solution. High molecular weight polylactide was isolated with narrow molecular weight distributions being observed. In most cases PLA with a very slight heterotactic bias was formed.
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In the 21st century there is a compelling need to move away from petrochemical based materials and shift towards more sustainable sources. ADDIN EN.CITE [,] One such example is found in the polymer sector, where the production of polylactide (PLA) has received considerable attention. This polymer can be sourced from annually renewable raw materials and holds significant promise as a replacement for traditional plastics for certain packaging applications. ADDIN EN.CITE [] PLA can be easily prepared from the ring opening polymerisation (ROP) of the cyclic monomer lactide (LA). LA is available as various stereoisomers, such as L/D, meso or racemic (rac).[] When rac-LA is polymerised either atactic, heterotactic or isotactic stereoblock PLA can be formed. These have dramatically different physical properties and there is currently a need to develop systems that are selective for such stereochemical outcomes.[] However, there are no clear relationships between the structure of the initiator and the resultant polymer microstructure. Polymerisation is commonly initiated by the judicious choice of a Lewis acidic metal. Examples of such include Al(III), ADDIN EN.CITE [] Zn(II), ADDIN EN.CITE [] groups 1-4, ADDIN EN.CITE [] lanthanides ADDIN EN.CITE [] and In(III). ADDIN EN.CITE [] Such metals are typically ligated to phenoxide based systems, common examples included those in the broad families of salan, salen or salalen ligands. It has been shown that the combination of ligand and metal can have a dramatic influence on the polymers microstructure.[] For example we have shown that the use of a bipyrrolidine salan ligand with group 4 metals affords either highly isotactic PLA (zirconium and hafnium) or atactic PLA (titanium), however with aluminium heterotactic PLA is achieved. ADDIN EN.CITE [,] This ligand is similar to a very common example in the literature, which makes use of an ethylene diamine backbone.[] In this publication we have prepared a series of complexes (with salans formed from ethylene diamine or bipyrrolidine backbones) and the complexes screened for the ROP of rac-LA in both solution or melt conditions. 

2. Results and discussion:
2.1 Ligand and Complex Preparation




Scheme 1: Ligands and complexes prepared in this study.






Figure 1: Left Li4(1)2(THF)2 and right Li4(2)2(THF), ellipsoids are shown at the 30% probability level and all hydrogen atoms have been removed for clarity. Selected bond lengths (Å) and angles (): Li4(1)2(THF)2 Li(1)-O(1) 1.965(5), Li(1)-O(2) 1.977(5), Li(1)-O(4) 1.956(4), Li(1)-O(6) 2.040(4), Li(2)-O(1) 1.945(4), Li(2)-O(2) 2.029(4), Li(2)-O(3) 1.978(4), Li(3)-O(2) 1.950(4), Li(3)-O(3) 1.987(4), Li(3)-O(4) 1.967(4), Li(3)-O(5) 2.011(4), Li(4)-O(1) 2.034(5), Li(4)-O(3) 2.048(5), Li(4)-O(4) 2.098(4), Li(2)-N(2) 2.111(5), Li(4)-N(3) 2.271(4), Li(4)-N(4) 2.195(4). O(2)-Li(3)-O(4) 97.54(17), O(2)-Li(3)-O(3) 94.00(16), O(4)-Li(3)-O(3) 96.83(17), O(2)-Li(3)-O(5) 106.68(18), O(4)-Li(3)-O(5) 110.20(18), O(1)-Li(2)-O(3) 97.78(17), O(1)-Li(2)-O(2) 92.79(16), O(3)-Li(2)-O(2) 91.87(16), O(1)-Li(2)-N(2)-150.2(2), O(3)-Li(2)-N(2) 109.09(18), O(2)-Li(2)-N(2) 98.72(17), O(3)-Li(3)-O(5)-142.9(2). Li4(2)2(THF) Li(1)-O(1) 1.890(5), Li(1)-O(2) 1.841(5), Li(1)-O(3) 1.903(5), Li(2)-O(1) 2.224(5), Li(2)-O(2) 1.976(5), Li(2)-O(4) 2.000(5), Li(3)-O(2) 2.006(5), Li(3)-O(3) 2.120(5), Li(3)-O(4) 2.044(5), Li(4)-O(1) 1.956(5), Li(4)-O(3) 1.953(4), Li(4)-O(4) 1.946(5), Li(4)-O(5) 1.970(5), Li(2)-N(1) 2.231(5), Li(2)-N(2) 2.293(5), Li(3)-N(3) 2.243(5), Li(3)-N(4) 2.397(5), Li(1)-C(27) 2.686(5), Li(1)-C(26) 2.699(5), Li(4)-C(46) 2.749(5). O(2)-Li(3)-O(4 89.04(19), O(2)-Li(3)-O(3) 87.31(19), O(2)-Li(2)-O(4) 91.2(2), O(2)-Li(2)-O(1) 88.19(18), O(4)-Li(2)-O(1) 83.77(18), O(2)-Li(2)N-(1) 110.3(2), O(4)-Li(2)-N(1) 158.1(2), O(4)-Li(3)-O(3) 90.03(19), O(2)-Li(3)-N(3) 111.3(2), O(4)-Li(3)-N(3)-159.6(3).

In both cases a Li4O4 cube is formed, which is prevalent in the literature and the metric data is consistent with literature structures. ADDIN EN.CITE [] For Li4(1)2(THF)2 three lithium centres {Li(1-3)} are four coordinate and one {Li(4)} is five coordinate with its coordination sphere being completed with N(3) and N(4) from one of the phenolate ligands, both Li(1 and 3) also coordinate a THF molecule. The phenolate oxygen centres are all 3 coordinated with an average Li-O distance of 1.993 Å and the range being 2.098(4) – 1.945(4) Å, O-Li-O angles of 89.29(15) – 97.54(17) and Li-O-Li 82.60(16) – 87.68(16). In this case N(1) does not coordinate to Li(2), with the distance of 2.897 Å being too long to be considered a formal bonding interaction. This complex is in contrast to O’Hara’s tBu version of the ligand, where a “ladder” motif was observed, this is presumably related to the reduced steric demand of the methyl groups on the phenolate ring.[] The solution structure has been probed by NMR spectroscopy in d5-pyridine. At room temperature no resonances for the methylene proton environments could be discerned. However, as the solution was cooled resonances for the –CH2- functionality were observed, although still indicative of a highly fluxional system, which may well be related to the lability and exchange of the amine moieties. DOSY NMR spectroscopy indicated that one species was present in solution with a diffusion constant of 3.8  10-10 m2s-1. For Li4(2)2(THF) the solid-state structure is slightly more complex; all lithium centres are coordinated to three phenolate oxygen centres; Li(2/3) are coordinated to two nitrogen atoms; Li(4) is coordinated to a THF molecule; Li(1) has a weak 1-Ph interaction with C(27) and an agostic interaction with a methyl group {H-Li = 2.338 Å, C-Li 2.749 Å and Li-H-C = 100.1}. Again the phenolate oxygen centres are all 3 coordinated with an average Li-O distance of 1.988 Å and the range being 2.224(4) – 1.890(5) Å, O-Li-O angles of 83.77(18) – 103.4(2) and Li-O-Li 78.76(19) – 88.50(19). The 1H NMR spectrum (d5-pyridine) is significantly sharper than Li4(1)2(THF)2, with clear diastereotopic doublets for the –CH2- at 4.61 and 2.98 ppm respectively. DOSY NMR spectroscopy indicated that one species was present in solution with a diffusion constant of 3.9  10-10 m2s-1, which is analogous to Li4(1)2(THF)2. Furthermore, the 7Li NMR spectra are analogous between the two structures, with resonances around 1 – 2 ppm being observed. When the chiral ligands (3/4H2) were reacted with nBuLi crystalline material could not be isolated, due to the high solubility of the resultant product in common organic solvents.






Figure 2: Li3(1)Mg(nBu)(THF)2(OCH=CH2)2, ellipsoids (for O, Li, N, Mg) are shown at the 30% probability level and all hydrogen atoms have been removed for clarity. Selected bond lengths (Å) and angles (): Mg(1)-O(5) 1.9909(16), Mg(1)-O(1) 2.012(3), Mg(1)-C(1) 2.138(4), O(1)-Li(1) 1.988(5), O(2)-Li(1) 1.891(5), O(2)-Li(2) 1.958(5), O(5)-Li(1) 2.018(4), O(5)-Li(2) 2.101(4), O(3)-Li(1)-1.97(2). O(5)-Mg(1)-O(5) 89.80(9), O(5)-Mg(1)-O(1) 89.16(7), O(5)-Mg(1)-O(1) 89.16(8), O(5)-Mg(1)-C(1) 123.41(8), O(5)-Mg(1)-C(1) 123.41(8), O(5)-Mg(1)-Li(1) 45.09(10), O(5)-Mg(1)-Li(1) 86.23(11), O(1)-Mg(1)-Li(1) 44.23(10), C(1)-Mg(1)-Li(1) 150.13(10).

The complex showed a significant degree of disorder, in the coordinated THF and in the ligand –CH2N(Me)(CH2)2N(Me)CH2- backbone both being modelled over two sites in a 55:45 ratio. In this case two enolate moieties {O(1) and O(2)} are also observed, the formation of enolates is a common side reaction caused by the opening of the THF molecule, as observed previously by Henderson et al and others. ADDIN EN.CITE [] In this case a Li3Mg1O4 cube is formed, which to our knowledge is unprecedented in the literature. ADDIN EN.CITE [] However, it must be noted that the yield for this reaction was very low ca. 10%. There are few complexes where one of the vertices of the Li4O4 cube have been replaced by another metal. One such example is that reported by Driess et al.[] where a Li(I) centre is replaced by a Zn-H moiety. Other examples include replacing a Li(I) centre with a Cr(II) centre, however in those examples two “cubes” are linked by phenoxide ligands.[] Pertinent to this study are the examples of Fromm and co-workers, in these examples Ca(II), Ba(II) and Sr(II) are added to the cube and two vertex sharing cubes.[] As this is not the main thrust of the paper attempts to investigate this further were not pursued, however, it is presented here to illustrate that the preparation of such cubes is indeed possible. 













Figure 3: Left Zn3(1)2(Me)2 and right Zn4(2)2(Me)2(OMe)2 ellipsoids are shown at the 30% probability level and all hydrogen atoms and solvent of recrystallisation are removed for clarity. Selected bond lengths (Å) and angles (): Zn3(1)2(Me)2 Zn(1)-C(1) 1.980(2), Zn(1)-O(1) 2.2887(14), Zn(1)-O(2) 2.0228(13), Zn(1)-N(1) 2.3827(19), Zn(1)-N(2) 2.1804(17), Zn(2)-O(1) 1.9187(13), Zn(2)-O(2) 1.9757(13), Zn(2)-O(3) 1.9471(13), Zn(2)-O(4) 1.9561(14), Zn(3)-O(3) 2.0684(14), Zn(3)-O(4), Zn(3)-N(3) 2.3457(16), Zn(3)-N(4) 2.1799(17), Zn(3)-C(2) 1.979(2). C(1)-Zn(1)-O(2) 125.62(9), C(1)-Zn(1)-N(2) 119.76(9), O(1)-Zn(2)-O(3) 135.40(6), O(1)-Zn(2)-O(4) 126.70(6), O(3)-Zn(2)-O(4) 81.78(6), C(2)-Zn(3)-O(3) 122.28(9), C(2)-Zn(3)-N(4) 123.67(9), O(3)-Zn(3)-N(4) 113.94(6), O(2)-Zn(1)-N(2) 114.04(6). Zn4(2)2(Me)2(OMe)2 Zn(1)-O(3) 1.9539(13), Zn(1)-O(1) 2.0328(13), Zn(1)-O(2) 2.0803(14), Zn(1)-N(2) 2.1424(16), Zn(1)-N(1) 2.2109(17), O(1)-Zn(2) 2.0698(15), Zn(3)-O(4) 1.9111(15), Zn(3)-O(3) 1.9508(13), Zn(3)-O(5) 1.9673(13), Zn(3)-O(6) 1.9803(14), N(3)-Zn(4) 2.2536(16), Zn(4)-O(5) 2.1657(13), Zn(4)-O(6) 2.1698(14), Zn(4)-N(4) 2.2553(16), O(3)-Zn(1)-O(1) 104.88(6), O(3)-Zn(1)-O(2) 97.54(6), O(1)-Zn(1)-O(2) 78.53(6), O(3)-Zn(1)-N(2) 117.10(6), O(1)-Zn(1)-N(2) 137.53(6), C(1)-Zn(2)-O(4) 119.95(9), C(1)-Zn(2)-O(2) 124.62(9), O(4)-Zn(2)-O(2) 97.06(6), C(1)-Zn(2)-O(1) 130.00(9), O(4)-Zn(2)-O(1) 95.62(6), O(4)-Zn(3)-O(3) 112.34(6), O(4)-Zn(3)-O(5) 118.58(6), O(3)-Zn(3)-O(5) 110.54(6), O(4)-Zn(3)-O(6) 112.64(6), C(2)-Zn(4)-O(5) 108.58(8), C(2)-Zn(4)-O(6) 115.85(8), O(5)-Zn(4)-O(6) 74.33(5), C(2)-Zn(4)-N(3) 118.60(8), O(5)-Zn(4)-N(3) 86.07(5).

In the case of 1H2 a trimetallic species was isolated in the solid-state, with Zn(1) and Zn(3) being five coordinate. Both of these zinc centres are in highly distorted trigonal pyramidal geometries with O(1)-Zn(1)-N(1) 144.11(6) and C(1)-Zn(1)-O(2) 125.62(9). Further both terminal Zn centres are ligated by two nitrogen and oxygen centres from the amine bis(phenolate) ligand, with the coordination sphere being completed by a methyl group. Zn(2) is coordinated to four phenoxide oxygen centres. The N-CH3 groups are located in a cisoid fashion, and as observed with other metal complexes of this ligand have an acute bite angle, N(1)-Zn(1)-N(2) 79.92(7).[] In solution a complex NMR spectrum was obtained with five resonances observed for the Zn-Me moieties, moreover there are clearly several diastereotopic doublets for the methylene protons. This coupled with DOSY, which showed two species in solution with diffusion constants of ca. 5.3  10-10 and 7.0  10-10 m2s-1, which tentatively indicates that the complex is in different level of aggregation in solution. 
Upon complexation of 2H2 with ZnMe2 a crop of crystals was isolated which correspond to Zn4(2)2(Me)2(OMe)2, the methoxy moiety presumably arose from adventitious oxygen, present in the solvent, inserting into the Zn-C bond, as observed by others. ADDIN EN.CITE [] Under rigorous Schlenk line methods the complex was still isolated, in a ca. 20% yield. This complex presumably crystallises facilely from solution and preferentially precipitates from solution. Attempts to isolate–OMe free complexes from solution proved fruitless. However, the addition of the –OMe group maybe adventitious for the ROP of cyclic esters, as this might act as a pre-coordinated initiator. Attempts to isolate complexes with the homo chiral versions of the ligand proved to be unsuccessful. 
Upon reaction of the ligands with MgnBu2 crystalline products could be isolated for ligands (1H2, 3H2 and 4H2) in all cases dimeric species were seen with the phenoxide bridging between the magnesium centres. Thus, producing complexes with 5-coordinate metal centres, Figure 4. The solid state structures are analogous to complexes reported in the literature: ADDIN EN.CITE []


Figure 4:  Left Mg(4)2 and Right Mg(1)2; ellipsoids are shown at the 30% probability level and all hydrogen atoms and solvent of recrystallisation are removed for clarity. Selected bond lengths (Å): Mg(4)2 Mg(1)-O(1) 1.898(3), Mg(1)-O(2) 2.007(3), Mg(1)-O(3) 2.019(3), Mg(1)-N(2) 2.204(4), Mg(1)-N(1) 2.269(4), O(1)-Mg(1)-O(2) 114.16(14), O(1)-Mg(1)O(3) 115.98(13), O(2)-Mg(1)-O(3) 78.23(11), O(1)-Mg(1)-N(2) 94.46(13), O(2)-Mg(1)-N(2) 149.96(14), O(3)-Mg(1)-N(2) 97.97(12), O(1)-Mg(1)-N(1) 101.17(13), O(2)-Mg(1)-N(1) 87.12(13), O(3)-Mg(1)-N(1) 142.85(13), N(2)-Mg(1)-N(1) 78.13(13). Mg(1)2 Mg(1)-O(1) 1.9205(14), Mg(1)-O(3) 2.0121(14), Mg(1)-O(2) 2.0327(13), Mg(1)-N(2) 2.2373(18), Mg(1)-N(1) 2.3178(16). O(1)-Mg(1)-O(3) 118.28(6), O(1)-Mg(1)-O(2) 112.76(6), O(3)-Mg(1)-O(2) 77.44(5), O(1)-Mg(1)-N(2) 106.21(7), O(3)-Mg(1)-N(2) 135.50(7), O(2)-Mg(1)-N(2) 86.68(6), O(1)-Mg(1)-N(1) 90.69(6), O(3)-Mg(1)-N(1) 99.26(6), O(2)-Mg(1)-N(1) 155.13(7), N(2)-Mg(1)-N(1) 78.53(6).

2.2 Polymerisation





























a % Conversion calculated from 1H NMR spectra. b Calcd Mn = The predicted molecular weight can be calculated by the following equation: (144 × Meq × conversion)/Ieq. For the Mg complexes there is one equivalent of BnOH per Mg(II) centre, for the other complexes it was 1 eq. per complex. Molecular weight and polydispersity determined by GPC (THF) analysis. c Pr calculated from HND 1H NMR spectra. d Polymerisations trialled in THF. e quenched in air and washed with MeOH, f no MeOH used. g Solvent-free. 

3. Conclusions:
In conclusion a series of complexes based on simple amine bis(phenolate)s have been prepared and fully characterised in solution and in the solid-state. There are differences between the coordination of the ligands and Li(I)/Zn(II) metal centres. For Li(I) this manifested itself with a different number of THF molecules included in the coordination sphere and coordinated amine functionality. With Zn(II) trimetallic versus tetrametallic complexes were isolated. Moreover, for the first time an interesting Li3Mg1O4 core was prepared and structurally characterised. Complexes were also screened for the ROP of lactide. In all cases the complexes were highly active, with predominately atactic PLA being formed.
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5. Experimental:
For the preparation and characterisation of metal complexes, all reactions and manipulations were performed under an inert atmosphere of argon using standard Schlenk or glovebox techniques. rac-LA (Aldrich) was recrystallised from toluene prior to use. All other chemicals were purchased from Aldrich and used as received. All solvents used in the preparation of metal complexes and polymerisation reactions were dry and obtained via SPS (solvent purification system). 1H and 13C{1H} NMR spectra were recorded on a Bruker 400 MHz instrument and referenced to residual solvent peaks. Coupling constants are given in Hertz. Elemental analyses were performed by Mr. Boyer at the Department of Chemistry, London Metropolitan University. 
5.1 Synthesis of Complexes:
An example is given below but see supporting information for all others and full NMR spectral analysis.
1H2, (0.5 g, 1.4 mmol) was dissolved in THF (10 mL) and cooled to -78 C. n-Butylithium (2.5 M in hexane, 1.12 ml, 2.8 mmol, 2 eq.) was added dropwise and after complete addition the solution was warmed to RT with stirring over 1 hr, after which the solvent was removed in vacuo and the crude product recrystallised from hexane. Product washed with hexane and isolated as a white powder (0.4 g, 0.5 mmol, 71 %). 1H NMR (400 MHz, d5-pyridine) δ 1.50 - 1.66 (m, 3 H, THF), 2.07 (br. s., 7 H, 2 x CH​3), 2.20 (s, 6 H, 2 x CH3), 2.32 (br. s., 6 H, 2 x CH3), 3.60 - 3.70 (m, 3 H, THF), 6.91 (br. s., 2 H, Ar), 7.03 (br. s., 2 H, Ar). 13C{1H} NMR (101 MHz, d5-pyridine) δ 16.2 (hex), 20.7, 22.8 (THF), 24.8 (hex), 27.8, 33.7 (hex), 44.1, 63.5, 69.8 (THF), 120.2 (Ar), 128.1 (Ar), 132.3 (Ar-H), 133.4 (Ar-H), 146.7 (Ar), 167.2 (Ar-O). Calc (%) for C52H76N4O6Li4: C 70.09, H 8.70, N 6.36, found (%) C 70.57, H 8.92, N 6.12.
5.2 X-ray Crystallography
All crystallography data were collected on a SuperNova, EOS detector diffractometer using radiation CuKα (λ= 1.54184 Å) or Mo-Kα (λ= 0.71073 Å) all data is recorded at 150(2) K. All structures were solved by direct methods and refined on all F2 data using the SHELXL-2014 suite of programs. All hydrogen atoms were included in idealised positions and refined using the riding model. Refinement was general facile apart from the following noteworthy points: Li3Mg1(1)(nBu)(THF)2(OCH=CH2)2 the ligand backbone, coordinated THF and nBu groups were all disordered over two positions in a 55:45 ratio; Li4(1)2(THF)2 the structure contained diffuse solvent, best results were achieved using the SQUEEZE function of Platon; Li4(2)2(THF) one molecule of fully occupied and a half molecule of hexane were present in the asymmetric unit; Mg(1)2 one molecule of toluene was present in the asymmetric unit; Mg(3)2 one molecule of hexane was present in the asymmetric unit; Mg(4)2 one molecule of hexane was present in the asymmetric unit; Zn3(1)2(Me)2 four partially occupied molecules of toluene were present in the asymmetric unit; Zn4(2)2(Me)2(OMe)2 one molecule of toluene was present in the asymmetric unit. 
5.3 Polymerisation runs:
Polymerisations were carried out in a Young’s ampoule under inert argon atmospheres. For typical solution based polymerisations, rac-LA (0.72 g, 0.5 mmol) was dissolved in toluene (10 ml) with required amount of initiator added. When required, a benzyl alcohol co-initiator was added. The ampoule was then placed in an oil bath set to the desired temperature for the set time. For room temperature polymerisations, the polymerisation was stopped when the solution became clear. For solvent-free polymerisations, a higher initiator ratio was employed (300:1) and the reaction performed at 130 °C until stirring ceased. After polymerisation, solvent was removed in vacuo and a crude 1H NMR spectrum recorded. The polymer was then purified by washing with methanol to remove initiator and unreacted monomer. For solvent-free polymerisations, the product was dissolved in CH2Cl2 which was then removed in vacuo and a crude 1H NMR spectrum recorded. The polymer was then purified in the same fashion as for solution polymerisations. All purified polymers were characterised by a combination of gel permeation chromatography (GPC) and homonuclear decoupled 1H NMR spectroscopy. GPC was carried out at 1 mL min-1 at 35 °C with a THF eluent and referenced against polystyrene standards. Tacticity was determined via 1H NMR spectroscopy (CDCl3) analysis of the homonuclear decoupled methine region.

6. Supplementary material
CCDC numbers 1564372-1564379 contains the supplementary crystallographic data for this paper and can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif (​http:​/​​/​www.ccdc.cam.ac.uk​/​data_request​/​cif​). Full supporting information, including NMR spectra and selected polymerisation characterisation is also provided.
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